Abstract. This paper presents the design of multi-band
Introduction
With the ever-increasing demand for application flexibility, more wireless systems are leaning towards dual-band and multi-band operation, multi-band filter, mostly dual-band filter, becomes one of the hottest topics in microwave filter design nowadays. The multi-band filters appear thereby as one of the solutions to optimize the size and cost of such multi-functional systems. One of the application examples is the high speed wireless local area networks (WLANs) standards such as IEEE 802.11b/g (2.4/2.45 GHz) and IEEE 802.11a (5.2-5.8 GHz) specifications have been developed. One method to form a dual-band bandpass filter is to insert a bandstop filtering response in between a wide passband to divide it in two passbands [1] . This introduces the transmission zeros within the passband to achieve the desired bands. The main disadvantage of this method is that it still needs tuning and optimization process after the combination of the bandpass and bandstop. Moreover, the two passbands could not be far apart from each other. Other techniques of dualband filter designs had also been introduced in [2] . However, these techniques do not possess the control of rejection level between the dual-bands and are substantially based on the numerical optimization. An analytical approach based on simultaneous bandpass and bandstop frequency transformation was introduced but the method involves indirect synthesis technique for the construction of a filter limited to dual-band bandpass response [3] , [4] . A dual mode microstrip fractal resonator is proposed in [4] and optimized perimeter of the proposed resonator by using fourth iteration T-square fractal shape. To form a multi-band bandpass filter, several bandpass filters having different resonant frequencies are combined together. In [5] , [6] , parallel networks (that use single-mode resonators) have been used in switchable multiplexer. The required embeded RF switches in these designs degrade the passband insertion loss. The back-to-back star junction topology has also been reported for the design of a triplexer and muliplexers [7] [8] [9] [10] .
In this paper, multi-band filters using parallel connected topology will be introduced and discussed. The proposed multi-band configuration has the ability to design each passband separately. Therefore, it is possible to choose any desired center frequency of each passband and not just limited to the application for suppressing interference between two or more closely spaced channels. With the introduction of source-load coupling, additional two transmission zeros (TZs) are obtained on both sides of each passband. The position of TZs in between the two passbands can be brought closer to each passband to provide the higher isolation by just providing an appropriate source-load coupling. It is worth mentioning that the similar design has been also proposed not for a multi-band filter but for a single band dual-mode filter where the theory of parallel connected network is given [11] . The organization of this paper is as follow. Section 2 introduces the proposed multi-band resonator followed by the discussion of its analysis and the dual-mode resonator lowpass prototype where the coupling values are extracted. At the end of this section is the discussion of spurious performance of the dual-mode resonator. Section 3 discusses on the design principle of the multi-band filter. Section 4 demonstrates the designed examples where microstrip and coaxial line prototypes are designed, fabricated, and measured to prove the feasibility of the approach. Section 5 is the conclusion.
Proposed Multi-Band Filter
Consider the parallel connected network shown in Fig. 1 where each subnetwork is symmetrical and has different transfer characteristic. The subnetwork can be formed by having one, two, or more dual-mode resonators. N is the number of branches. For this analysis, the subnetwork is formed by incorporating a stepped-impedance dual-mode resonator whose impedance ratio is chosen to be a i . The coupling between the source/load (input/output) to the resonators are K i where i = 1, 2, . . . , N whereas K SL is the source-load coupling which is used to achieve, according to minimum path rule [12] , [13] , the maximum number of TZs. The overall transfer characteristic can be evaluated by adding the Y-parameters respectively as
where
The new transfer characteristic is given by
Considering the subnetwork Y sub1 with stopband window ∆ω s (refer to Fig. 2) , where S 11,1 ≈ 1 and S 21,1 ≈ 0 and let N = 2,
Hence it is suggested that the summing operation can be achieved by having the parallel connected network. 
Dual Mode Resonator
The resonator used in each branch is the steppedimpedance dual-mode resonator [14] . The resonator is comprised of transmission line section loaded with lumped coupling element L shunted at the midpoint as depicted in Fig. 3 . The odd-and even-mode equivalent circuits are shown in Fig. 4a and Fig. 4b .
The odd-mode condition is given as
Or
The odd-mode resonant condition suggests that the oddmode resonance can be controlled by the impedance ratio a and it is not affected by the inductor. Modeling an inductive element by a shorted circuit stub with characteristic impedance aZ and a very short electrical length ∆θ, the input admittance for even-mode at resonance is given by
For a very small real number α, ∆θ can be expressed as
Hence (8) becomes
It can be shown that with a finite value of α or an appropriate inductor, an even mode resonance takes place close to the odd mode resonance. Therefore, the resonator gives dual-mode response. This means that the inductor can be used to couple between the even-and odd-mode resonances. 
Spurious Frequency Performance
Suppose the fundamental passband resonance and lowest spurious resonance frequency are expressed in terms of f 0 and f s , respectively, the following relationship is obtained Figure 5 plots the normalized spurious resonance frequency. It shows that for uniform impedance resonator (UIR) (a = 1) which gives the resonator length of halfwavelength, the spurious frequency appears to be 3 times the fundamental frequency. As the impedance ratio increases, better spurious-free stopband performance is achieved. As an example if a = 3 , the first spurious resonance frequency appears at five times the fundamental frequency. However, one should consider the practical constraints of impedance value for microstrip which is typically within the range of 20 Ω to 200 Ω. Note that this remarkable spurious-free stopband performance gives room for many passbands with the following consideration. If UIR (a = 1) is used, the maximum frequency separation for the last passband is 3 times of that of the first passband. Consequently, the rest of the passbands should be designed within this range i.e. between the first and the last resonator passbands. Therefore, for wider separated range between passbands or more passbands, the impedance ratio of the first passband resonator to be at least 3 so that the next spurious frequency is at least 5 times its fundamental frequency. 
Dual-mode Resonator Lowpass Prototype
The routing and coupling structure of the i-th band lowpass dual-mode resonator is depicted in Fig. 6 . It comprises of two resonators with an inverter K ii in between. The two resonators are coupled to the source/load by an inverter K i . The circuit model is shown in Fig. 7 . Assuming the capacitor C i1 = C i2 = 1 F, the cascading elements in Fig. 7 builds up the transfer matrix as The transfer matrix has been converted to obtain the transfer function whose filtering function can be expressed in terms of K i , K ii , and ω. This derived filtering function is then mapped to the second order Chebyshev polynomial with 20 dB equiriple in the passband. The mapping gives K i = 0.6016602238 and K ii = 0.8153692807. The frequency transformation techniques in [15] can then be applied to the lowpass prototype network to achieve the bandpass at the desired center frequency and bandwidth.
Design Principle
Consider Fig. 8 which illustrates the proposed dualband topology formed by the i-th and j-th resonators. Note that the source-load coupling is not considered. The impedance ratios of the resonator i (lower branch) and resonator j (upper branch) are a i and a j respectively. The coupling between the input/output to the resonator i and resonator j are K i and K j respectively. According to (6) and (10), the resonant conditions for even-and odd-mode of the resonator for each branch are given by
The separation of the frequencies ∆θ i j can be controlled by the impedance ratio a i or a j where, The frequency response in Fig. 9 shows that each resonator is responsible for its filtering passband and hence it can be independently designed to achieve any desired two passbands at different frequencies. The source-load coupling provides a pair of TZs at both sides of each passband resulting in a quasi-elliptic response with enhanced isolation between the two adjacent bands. The coupling underlies the major advantage for high selectivity for this topology since both passband can be further isolated from one another by just controlling the value of the source-load coupling. It should be noticed that an inductive coupling may give TZs too depending on the signs of the K-values and/or coupling between two resonant modes of each resonator. 
Prototype Design Examples

Filter I -Dual-Band Filter
The dual band filter microstrip prototype fabricated on Roger RT Duroid 5880 substrate shown in Fig. 10 has been presented in [16] and is shown here to validate the theory. Two pairs of 0.1 pF and 0.2 pF chip capacitors are used to provide the coupling between the input/output to the left hand side resonator and to the right hand side resonator respectively. The source-load coupling is realized by interdigital capacitor. Figure 11 shows the measured and simulated responses of the dual-band dual-mode filter. The first and second passband center frequencies are f 1 = 2.42 GHz and f 2 = 4.99 GHz respectively. The dual-band filter has four TZs at 2.15 GHz, 2.59 GHz, 4.5 GHz and 5.5 GHz due to the presence of interdigital capacitor. The comparative study of the dual-band filter with other proposed dual-band bandpass filters can be summarized and given in Tab. 1. In this table, h is the substrate height, RL is the passband return loss, IL is the passband insertion loss, r is the dielectric constant of the substrate, FBW is the fractional bandwidth and TZ denotes the number of TZs between each passband. 
Filter II -Triple-Band Filter
The microstrip prototype for triple band with source-load coupling is designed and fabricated on Roger RT Duroid 5880 substrate with a substrate thickness of 787 µm, the loss tangent, tan σ = 0.0009 and a dielectric constant, r = 2.2. The physical layout of the fabricated triple-band filter is shown in Fig. 12 . The gaps between resonators to source-load are reserved for the chip capacitors which are required to provide the desired couplings. The total size of the circuit is 1.95 cm × 4.32 cm.
The inductive element is realized by a short circuit via-hole with a diameter of 1 mm shunted at the midpoint of each resonator as shown in Fig. 12 . Three pair of chip capacitors used for the source-load and resonator couplings are c 1 = 0.5 pF, c 2 = 0.3 pF, and c 3 = 0.3 pF. The source-load coupling chip capacitor is c SL = 0.3 pF. Figure 13 shows simulated and measured S-parameters for the triple band filter. The result shows that the filter gives ∆ 1 = 66 MHz at f 1 = 1.6 GHz, ∆ 2 = 42 MHz at f 2 = 1.9 GHz, and ∆ 3 = 78 MHz at f 3 = 2.3 GHz. The measured insertion loss/return loss are 1.334 dB/13.65 dB at f 1 , 2.466 dB/15.6 dB at f 2 and 1.015 dB/21.35 dB at f 3 respectively. It is noticed that the insertion loss at f 2 is the highest simply due to two factors. First factor is the use of steppedimpedance resonator which results in the reduction of Q and the second factor is the narrowest bandwidth achieved.
Ref.
h The presence of the chip capacitor for the source-load coupling gives rise to two finite-frequency TZs at both sides of each passband as presented. The six simulated/measured TZs are located at 1.418/1.43 GHz, 1.742/1.664 GHz, 1.79/1.754 GHz, 1.976/1.97 GHz, 2.096/2.054 GHz, and 2.462/2.426 GHz. Hence the filter possesses better advantages of higher selectivity and a good isolation between the the three bands. The location of these TZs can be easily shifted by changing the value of the source-load coupling capacitor. The difference between the measured and simulated result can be attributed to the fabrication tolerance of the vias and the presence of the chip capacitors which result in resonant frequency variation. The isolation between the first and the second passband is 29 dB whereas the isolation between the second and the third passband is 24 dB. The bandwidth of each passband can be made narrower by reducing the value of the inductive element shunted at the midpoint of the respective resonator. Having more via holes i.e. more shunt inductors at the midpoint is one of the effective ways to decrease the value of the inductive element. Table 2 provides a performance comparison with some reported works on triple-band filters. The isolation between the first and the second passband and the second and the third passband are denoted as ISO 12 and ISO 23 respectively. CF is the abbreviation of center frequency for each passband.
It is worth mentioning that extra care in terms of design must be taken for the realizations of filter with more-thanthree passbands due to the geometrical limitations of this multi-band filter approach. The inner resonator should be designed for the highest frequency band since it gives the shortest relative length which results in the smallest required footprint. Moreover, the left and right resonators have to be chosen and placed according to the distributed nature of the area where each resonator connects to the input and output ports. Nevertheless, multi-layer design can easily overcome this limitation.
Conclusion
In this paper, a novel multi-band filter based on parallel connected topology is proposed and discussed. As an example, a compact dual-mode dual band and triple-band bandpass filters are presented. The dual-band and triple-band filters are made up of two and three parallel connected dual-mode resonators respectively. The source-load coupling provides each filter the advantage of having a quasi-elliptic response. Therefore, the filters are very compact, selective, and with improved isolation. Measured results of the fabricated prototypes show good agreement with simulations and theories. 
